91 600 ANALYS 1 TI10M
HIXING LMR.. ) Cﬂ.lleﬂ UNIV IRVINE DngW I v
MECHANICAL ENG B M CETEGEN ET AL.
UNCLASSIFIED AFOSR- TR-OO-IZ‘Z HFOSR-O‘-.“.‘ FIG ?/4




B I e L L L e S T T Y e Y X Y NP MR X Y TN R
o ' ‘»';':
L1
3
;

,!‘I.. - '-,‘f'

R Al Wty R

=
]
[
-
-
2

e

ll=

a == "¢ i

——

28 s e

L PESSE Y % 5T

- e
-l -

i M

]

Ii

'

N ||

' !

N .

1]

¥

!

"4

N ;

. N

_+ ]

5. t
v
]
t
L

RO ‘n‘l; ) .! l\'\"l"lgl‘ " "'l’

Ky h’. Wit |ll"; t o. 0 » #..l'" |'l." Y

TN
o"\"‘ "’
7.0
) ,Hv'\

P c".o“.l".c .o"’b‘a‘o AR -

l '\. .l




AT A A A ST WA LI A A KN R R AN KN L)

- atanntfiad

UMENTATION PAGE

AD-A19 1 600 EL TE o PESTRICTIVE MARKINGS

None
28 SECURITY CLASBIPILA L 1we - - o m 1 1 m 3. DISTRIBUTION/AVAILABILITY OF REPORT

Unclassified ) oi . ) '
2. OECLASSIFICATION/DOWNGR SCHEDULE stribution unlimited; approved for
Unclassified public release

4 PEAFEOAMING ORGANIZATION REPOAT NUMB S5. MONITORING ORGANIZATION agronr NUMBER(S)
.. et e . ey e AFOSRG—m. 88- 0 242

So. NAME OF PERFOAMING ORGANIZATION ‘rb. OFFICE SYMBOL 7o. NAME OF MONITORAING ORGANIZATION

University of California (I appiicabie)

bept, of Mechanical Engr. Air Force Office of Scientific Research

@c. ADORESS (City. Stete end ZIP Code) zné?n! Suu and ZIP Code)
B

Irvine, CA 92717 0 ng AFB DC 20332-6448

Qo. NAME OF FUNDING/SPONSOAING 8. OFBICE SYMBOL 9. PROCUREMENT INSTAUMENT IDENTIFICATION NUMBER
ORGANIZATION (1 applicabie) p
Air Force Office of Sci. Res. AFOSR/NA m - ’CSO/ @
\a&"d 6 ond ZIP Code) 10. SOURCE OF FUNDING NOS.
PROGRAM PROJECT TASK WORK UNIT

1ling AFB DC 20332-6448 ELEMENT NO. NO. NO. NO.

1. TITLE rinclude Security Classificetion) 61102F 2308 A2
Analysis of Molecular Mixing and Chemical Reagtion in a Miﬁing Layer

12. PEASONAL AUTHOR(S)
B.M. Cetegen and W.A, Sirignano

1Ja. TYPE OF REPOAT 13bn. TIME COVERED 14. OATE QF REPQRY (Yr, Mo., Day) 19. PAGE TOUNT

Publication ermom _10/86  ro _10/87 January 11-14, 1988 7

16. SUPPLEMENTARY NQTATION

COSATI CODES 18 SUBJECT TEAMS /Continue on reverse if necessery and dentify dy dlock number)

GAour sUs. Gm._ . >;>Thrbu1ent Reacting Flows; Molecular Mixing -and
Reaction in Vortical Structures e
A\

H, ABSTRACT /Continue on reverse if necessery and identify by block number;

This paper concerns an analytical study of moleculdr nixing and finite rate chemical I
reactions in an infinite row of vortices representing a mixing layer. Diffusion equations

for reacting and non-reacting species are solved locally in the Lagrangian frame of. 3
reference following material elements. The flowfield is a given for the problem. The
concentration distributions in the vortex structure are composed from these analytical
solutions and presented for several cases. The probability density functions constructed
from these distributions are compared with the mixing layer experiments. For the

cases studied, the comparisons indicate encouraging agreement for the reacting flow case.
However, some differences are present for the non-reacting flows. 'y _. ;

et

R

20. OISTRIBUTION/AVAILABILITY OF ABSTRACTY / 21. ABSTARACT SECUAITY CLASSIFICATION

UNCLASSIIEO/UNLIMITED KX same as rer I70T1c usens Unclassified

22 NAME OF RESPONSIBLE INOIVIOUAL 220. TELREPHONE NUMBER 22¢ OFFICE SYMEOL

tinclude Ares Code!
Julian M. Tishkoff (202) 767- [AY AFOSR/NA

DD FORM 1473, 83 APR €DITION OF 1 JAN 7318 OSSOLETE. Unclassified

SECURITY CLASSIFICATION OF TriS PAGE

ANOARENS : ; . ; ] ) W ) ; » O 3 LY O o~ ; ; ~ Ty :
RO T M N T U F X T K M LN T A o M N RSSO M M e S GO 5 X



[][;X[;YDIHB
l

ATAA-88-0730

Analysis of Molecular Mixing | ;
and Chemical Reaction in | f X
a Mixing Layer 3

AFOSR-TR. 88-0242

B.M. Cetegen and W.A. Sirignano ';
University of California
Irvine, CA §

AIAA 26th Aerospace Sciences Meeting ;
January 11- 14, 1988/Reno, Nevada
P s s e, A et At s

§8 3 T 146 N

s
[ . ) C » W W W o PN T g AT L) ) »
5y O'q‘é}t'«‘.,";‘? ;’:‘a‘!'a‘:‘&‘z!t‘:?l‘!‘\‘.'l“.'tﬂ‘t’- \‘:‘.l ."A':‘JN A LS MNMGNLHLNTA, ENSAONONC AN LR RLALALARREREALAL, RN CLL



2
3
o
o
ANALYSIS OF MOLECULAR MIXING AND CHEMICAL REACTION ','f
IN A MIXING LAYER 24
L]
\
B.M. Cetegen and W.A. Sirignano W]
University of California |'=’
Irvine, California 92717 W,
. o
W
ARSTRACT a mixing layer imbedded with a line of two »
dimensional vortices. This situation approximates ':
This paper concerns an analytical study of the temporal growth of a mixing layer locally
molecular mixing and finite rate chemical without the effect of pairing. In this paper, the :'N
reactions in an infinite rov of vortices mixing and reaction of two initially segregated .,k
representing a aixing layer. Diffusion equationa species streams are analyzed in a Lagrangian frame .I"
for reacting and non-reacting species are solved of reference accounting for the stretching of the A
locally in the Lagrangian frame of reference material lines as molecular diffusion and chemical »
following material slements. The flowfield {s a reactions are taking place across thenm. This -
given for the probles. The concentration spproach follows the wthodology of Marble(®) and WAl
distributions in the vortex structure are composed Marble and Karagozian 7 i{n that the study of the :
from these analytical solutions and presented for local behavior does provide an accurate 18
several cases. The probability density functions representation of the local physical processes. oy
constructed from these distributions are compared This lppt&bsh was recently used by Cetegen and .‘:!
vith the aixing layer sxperiments. For the cases Sirignano to determine the concentration field A
studied, the comparisons indicate encouraging of non-reacting and reacting scalars within a two- »
agresment for the reacting flow case. However, dimensional single vortex and its mixing Y
some differences ars present for the non-reacting statistics. In this paper, this technique 1is 3
£flows. extended to the study of an infinite row of )
vortices which exhibit some differences with gY.
INTRODUCTION respect to the strain field. .
In the following, the method of analysis is ":
In many combustion systems, the combustion of first outlined. The approximate treatment of the LY

fuel and oxidizer takes place in turbulent flow
reactors where fusl snd oxidizer, in either
premixed or non-premixed form, are introduced inte
a mixing zone. Since chemical reactions take
place upon molecular mixing of reactants, there is
a strong interaction between the cosbustion
processes and the local flowfield. A typical
oxample is the reacting wmixing layer behind a
splitter plate separating the fuel and oxidizer
streams that meet at the plate’s trailing edge.
In general, the two stresms have different speeds
to promote mixing of the reactants, thus the
combustion rate. In such a flov configuration,
well-known initially two dimensional vortices are
formed due to the onset of the Kelvin-Helmholtz
instabilizy. This problem has received vast
smount of attention in the past several decades.
Experimental dn!”fi on non-reacting and reacting
shear layers'®"*¢:”: ) have been complemented by
elaborate "ﬁ’é‘f} simulations of this flow
configuration'”*®*’/,  The references cited here
are just & fov eoxamples of many in the
literature. These studies have made significant
contributions to our unde-standing of these
technologically isportant flowfields.

In mumerical simulation of reacting flows,
computations must be performed that resolve small
length scales (of the order of the diffusive
length scales) to predict soleculsar sixing and
chemical resctions. This level of resolution, in
general, <requires wvery time consuming and
expensive calculations. At ths same time, some
methods, such as finite difference simulations,
are hindered by the mumerical diffusion errers
which meed to be eliminated by elaborate and
computer time intensive mumerical methods.

The problea considered here is an approximate
analytical approach to solve the mixing problem in
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finite rate chemical reactions between the two
reactive species is described. The concentration
distributions and mixing statistics are presented
and discussed in the results section.
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METHOD OF ARALYSIS

-

Flovfield

The computation of the concentration field
within an infinite row of vortices relies on the
knowledge of the flowfield. The velocity field is
utilized to calculate the successive positions of
the material elements in time as well as the
strain rates experienced by thea. This
facilitates snalytical solution for the
concentration profiles sbout the material elements
locally. In this paper, the velocity distribution
for an infinite row of point vortices is modified
to include a viscous core {n the center of esach
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vortex. The velocity distribution for an infinite .. 'i
row of point vortices is given by :‘_
2y >

Sinh ( . ) b

u= o (1a) n Por
28" Cosh (2X) - Cos (2%)

e - 7

T sin (2—?) o a R

v e (37) -~ ed N,

2a 2ny, | 2rx a

Cosh (%) - Cos (57°) tion -

The coordinate system and the parameters in these- "‘
esquations are depicted in Figure 1. The velocity E\'
distribution represented by Equation 1) v
represents a horizontal velocity jump of lon/ "
magnitude I'/a, from -I'/2a to +I'/2a. Since the X
tangential velocity at the center of a potentisl u_E_'.‘-Ac .ﬁ!_. :f
point vortex tends to infinity, a situation which 1 and/er .
1s mnot realized {n viscous fluids, we can o514l :
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incorporate the effects of viscosicty by
introducing a tims dependent viscous core given by
a Rankine vortex.

Since the problem is periodic in the x
direction, we can consider one of the vortices
under the influence of seai-infinite rows of
vortices on each side. In particular, if we
confine our attention to the vortex situated at
x = 0, y = 0, then the velocity field can be
obtained by superposition of a viscous core

yislding,

$inh (3?)

r
ue= (37) ——
" com 3 - con B

The superposition is valid in the potential flow
region outside the viscous core and is approximate
in the core region. However, this approximation
is admissable in view of the fact that most of the
straining occurs in the potential region outside
the viscous core.

Molecular Diffusion

In this flowfield, a wmaterial surface
initially coincident with the horizontal x-axis,
undergoes a distortion. Across this material
surface separating the two species, molecular
diffusion takes place as this interface is
stretched and transported in the vortex fileld.
The specles diffusion equation for a 1locally
plansr interface can be written as

2. .2
goiféo;ﬂ_’-n(’:g+’_—g) 't
= 8y 8y ax

Here, x sand y are the local orthogonal coordinates
with x along _ the tangent of the
element, u and v are the corresponding velocity
componsnts, C is the species mass fraction, and D
is the binary diffusivity which is assumed to be
egual for both species. The local flowfield
(u, v) can be directly related to the local strain
field experienced adbout the material surfaces.
The etrsin 7Tates cen be obtained from the
flewfield given in Rquation (2). 1f this
flowfield preduced & spatially uniform, time-
depondent mormsl-strain field, then the second
terms on beoth sides of Equation (3} could be
eliminated. Purthermore, a materisl transforms-

tien given by
. - f: a«(t’) dt"
=y H
v JS toxp 2% e(e) ac*) oc’ *)
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can be invoked. Here, ¢(t) is the time-dependent
strain rate of the element along {ts
tangent, ( and r are the stretched transverse
distance and the transformed time accounting for
the strain history of that particular element
until it arrives to its current location. Under
this transformation, Equation (3) reduces to the
one-dimensional, unsteady, diffusion equation

2
2 _ o

(5)
ar sz

vith the appropriate initial and boundary
conditions. For the case_ of C(y) > 0, t=0)
1.0, C(y<0, t=0) = 0.0, C(y = + @,t) = 1.0 and
C(y - - =, t) = 0.0, the solution can be written
in teras of the error function as

1 S S
C=35 (1 +erf ( )) (6)
2 Jabr

In calculating the strain rates _in the local
orthogonal coordinate system (x,y) attached to
the material slement, it is recognized that the
local flowfield produces both a normal and a shear
strain. While the normal strain component has a
strong influence on the molecular diffusion across
the material surface through steepening of the
concentration gradients, the effect of shear
strain on the diffusion process is wmuch less
significant. Therefore, the calculation of the
strain rates for the solution of the diffusion
equation can be based on the normal strain only.
Until this point, much of ﬂng method of analysis
follows ﬁ t of Marble and Marble and
Karagozian'”’/, In the determination of the
concentration distribution about materfal
surfaces, it is found that the diffusion zones
aurrounding the neighboring material surfaces
overlap in the tightly-winded core region of the
vortex. This effect becomes more pronounced as
the Schaidt number (Sc « v/D) decreases or the
molecular diffusivity increases. This overlap is
taken into account by superposition of the
concentration profiles from neighboring regions.
The superposition 1is admissable in view of the
linearity of the transformed diffusfon Equation
(5). This permits the construction of the whole
concentration field within the vortex from local
concentration profiles at different locations
within the vortex. Some error is introduced by
the spatial variation of the strain rate, ¢.

The concentration fields evaluated in this
manner are subsequently used to determine the
probability density distributions (pdf) from the
concentration distribution along the x-direction
at different y-positions utilizing Taylor's frozen
flow hypothesis.

The periodicity in the x-direction allows the
construction of pdf’s from the concentration field
vithin a single vortex in the rowv. In comparing
the calculated pdf’‘s with the experiments, some
differences are expacted due to the Lagrangian
nature of the computations and the Eulerian nature
of the experiments.

all cting Vortex

Finite rate chemical reactions within a
vortex are treated with a method based on Green's
function solution of the reacting species
conservation equation. The production terss {n
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the species conmservation equations can be

eliminated by ths appropriste linear combination
of these equations. This particular dependant
variable, csalled the Schvab-Zel'dovich varisble
given by

‘ Y+Y
Ce ____2__________i %)

+ ‘of Yfi

satisfies Equation (3) provided that the binary
diffusivities are all equal. Here, Y's are mass
fractions, ¢ o is the stoichiometric oxidant to
fuel mass ratio, subscripts, £, o and 1 refer to
fuel, oxidant and inftial respectively. In the
simple case of a second-order finite-rate reaction
batween two species (fusl and oxidizer), only one
of the species conservation squations needs to be
solved and used along with the solution for the
Schvab-Zel’dovich variable to determine complately
the reacting scalar fields. The transformed fuel
species equation under transformation in Equation
(4) can be written as

/S SO ®
8r 0{2 [

Here, h(r) = dt/dr, and is related to the
stretching, and g are the fuel molecular weight
and medium ity respectively. Solution of

Equation (8) can be obtained by olution of
the appropriate Green's t'unctlon({r ff)"v

2 gt
€ (£.rlge,r) =2 2P 0o (¢ - gy
O)

The solution along a radial ray can be
obtained 1if the layers of reactants within the
vortex are treated as multiple strips of reaction
layers undergoing straining. This pernits
determination of the fusl mass fraction
distribution along a radial ray

Yf(( ) -

JI: I::‘f(r'.") h(r’) G(!"ylf"") a¢rdar’

+ Y
£ (10)

In this uptouion. is the solution for Y; in
the absence of cal reactions. Thus, f{t
corresponds to the pure diffusion. Solutions
obtained along radial lines are used to construct
the field of reacting scalars.

Solution of Bquation (10) can be simplified
since the Fourier form of the Green's function in
Bquation (7) suggests a form of Yg given by

Yf(f.v) -
j‘: f(a,7) Cos afds - J: g(e.7) 8in af da

+ Y
£ 1)

where f(e,r) and g(a,r) sre functions to Dbe
deterained. After differentiating Equation (10)
wvith respect to r and compering the resulting

N 1} [ROCRN RICR KT
RN WO ORI DS a' wix "Wt W, Yyt

A VR o o -
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expression with the derivative of Equation (11),
the following two integro-differential equations
for £ and g are obtained

M
af 2 4 , s
E+Dc f-;-f:ﬂt(( ,7) h(r) Cos a{'dl
(12a)
"f
22 1 pa%g = £ [ W (6.0 Bee) s1n agter

(12b)

They are subject to the initial conditions
£f(a,0) = 0 and g(a,0) = 0. In order to implement
the solution, an approximation is made in Equation
(11) by discretizing the continuous spectrum
of a into discrete <values from 2zero to a
sufficiently large maximum value a,- Equation
(11) becomes

Yf(f.') -
: fn(cn.r) COcen{(Aa) + : 3n(an.f)81n cnf(Aa)

0
-r‘[f

a3

provided that +~0asa- o Under
this -pprouu:ﬂm. Eq\utiom (128) ™ané  (12b)
transform to the following integro-differential
equations:

df 2

——+Da f,-,

M
dr : r: vf(f',') h(r) Cos °n;'d‘”

(1l4a)

4 M
2 + D a2 8o~ 52 Jl2 Fg(0.r) hor) Stna gt

(14b)

with £,.(0) = O and g, (0) = 0. These equations are
lnto;rntcd by a second order Runge-Kutta method to
deteruine the amplitude functions £ and g,.

The chemical reaction considered here is a
second order, dilute isotherwal reaction between
NO and 03. The reaction products ars N0, and 0,
and both species are diluted H N;. The reaction
rate is taken from Givi et al s

| -
-{-!--22:10 Yoo sec’! (15)
0

The initial mass fractions of the species were
taken to be 0.01. In the next section, the
results for reacting and nonreacting cases are
discussed.
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In this section, computed species mass
fraction distributions and the corresponding
probability density distributions within reacting
and non-reacting row of vortices are presented for
three cases. PFigure 2 shows the distortion of an
inicially horizontal interface separating two
speciea in the upper and lower planes in the
preasence of an infinite row of vortices. In this
figure, the two species are immiscible (black and
vhite). This vortex configuration simulates a
shear layer betwsen two streams of fluids with
equal but opposite velocities. In our
computations, we consider a reacting, gaseous
shear layer containing ozome and nitric oxide as
reactants. Both reactants are diluted in nitrogen
so that the chemical reaction is isothermal. For
the first two cases studied, ozone and nitric
oxide wvith a mass fraction of 0.01 each occupy the
upper and lower half-planes, respectively. 1In the
third case, nitric oxide occupies the upper half
plane with a mass fraction of 0.136 and ozone
occupies the lower half-plane with a mass fractien
of 0.01. This case simulates the rniﬂ.n; shear
layer axperisment of Masutani and Bowman'"/.

The first case corresponds to a non-
dimensional vortex strength (or vortex Reynolds
mmber) I/2sv of .';0.2 a dimensionless time
parameter, r = buvt/a”" of 0.02 and a Schaidt
wmber, »/D of wunity. Figure 3 shows the
norsalized mass fraction of ozons acroas the
vortex. The reacted cors is surrounded by some
excess ozone in the outer layer of the vortex as
seen 1in Figure 2. The corresponding NO
distribution is shown in Figure 4. It can be seen
that some NO is still present {n the reacted core
becauss of the non-unity stoichiometry of the
reaction (1.e. stoichiometric 0, to NO mass ratio
is 1.6). Figure 5 shows the distribution of the
conserved scalar (mass fraction of the upper plane
species for non-reacting cass or the Schvab-
Zel'dovich variable for reacting case) in the
vortex. In the absence of chemical reactions, the
vortex assumes a wmore diffused structure with
lover concentration gradients compsred to the
reacting vortex. Figures 6 and 7 compare the
probabilicy density functions (pdf) for mnon-
rescting and reacting cases respectively. For the
non-reacting vortex, the pdf consists of two peaks
at the ummixed concentrations (Y = 0.0 and Y =
1.0) as well as finite probabilites in the well-
sixed core region asround Y = 0.5. Chenical
reactions aslter the pdf by shifting the
probabllity peaks at mixed concentrations to lower
concentrstions and by modifying the pdf peak at Y
- 0.0. Both of these effects are dus to the
depletion of the species by finite rate chemical
reactions.

The second case corresponds to a non-
dimensional vortex strength of 125 and a time
parameter of 0.004. These paramsters sismulate the
eonditions in the early part 8-6 reacting shear
layer of Nasutani end Bowman'”’, The vortex
strength was computed based om the reported
oxperimental conditions. The time parameter was
estimated from the mean welocity at which the
vortices are convected dovnstream and the location
at which the comparisons were to be made (x = 11
cm). The ozone mass fraction distribution f{s
depicted in Pigure 8. The concentration field is
less diffused and shows higher concentration
gradients compared to the previous case. This fs
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appropriate for a vortex with higher circulation
at an early time in its growth. The higher vortex
strength {increases the concentration gradients
through stretching. Figure 9 shows the NO
concentration distribution within the vortex. The
qualitative features of the distribution are
similar to the previous case. The conserved
scalar field, shown in Figure 10, appears to be
somevhat different with steepsr gradients.
Therefore, it shows the vortex structure much more
clearly.

The corresponding pdf’s for reacting and non-
reacting vortices are shown in Figures 11 and 12,
respectively. Similar to the previous case, the
effect of chemical reactions on the pdf 1is to
modify the probability peak topography at zero-
concentration of the reacting species and to
reduce the probability peaks at the mixed
concentrations. Figures 12 aend 13 compare the
computed and measured pdf‘s for the non-reacting
shear layer experiment of Masutani and Bowman.
Although the shaps of the peaks at C ~ 0.0 and 1.0
sre similar, the computations do not exhibit the
experimentally observed "hump” on the high speed
side of the mixing layer. In the Lagrangian frame
of reference in which the computations are
performed, the concentration field and the pdfs
are antisymmetric about the x-axis. Therefore,
thess calculations are not expscted to reproduce
the “"hump® observed in the experiments. This
experimental observation is attributed to the
higher rate of entraimment of &)5 high-speed
stream according to Dimotakis( . After
relaxation of the frozen flow approximation, the
antisymmetric character may no longer exist and
this phenomenon can be studied theoretically.

I?th‘ measured pdfs reported by Masutani and
Sowman for the reacting mixing layer, the high-
spsed stresm (upper plane) and the lov-speesd
stream (lower plane) contained NO and 04
respectively. The NO to O, mols fraction ratio in
the free streams was 0.118 for one of the cases
they studied. Computations were performed for
this configuration to compare the pdf for the
chemically reacting mixing layer. Figure 14 shovs
the computed NO mass fraction in the vortex.
Figures 15 and 16 give a comparison of the
experimentally determined and computed pdfs for
the reacting species 0y. It should be noted that
the Bhapes of the probability peaks are quite
similer. Penetration of NO from the upper plane
(high-speed stream) to the lower plane (low-speed
stream) is a result of the abundance of NO in the
upper half-plane. This caeuses the extension of
the peak at Y = 0.0 to the lower half-plane. The
same trend is found in the computations. It is
also interesting to note that the "hump" observed
for the non-reacting mixing layer has disappeared
for the reacting case. This s believed to be
simply dus to the depletion of NO by the chemical
reaction.

Computation of species concentration
distributions in non-reacting and reacting rov of
vortices have been presented for a fev cases. It
was shown that a piecewise anslytical approach to
the solution of molecular sixing and finite rate
chemical reactions can be implemented to solve for
the concon{"t!on fields. This method, first used
by Marble'®’/, concentrates on the solution of

mixing and reactions for s given flowfleld.
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Therefore, buoyancy effects and the influence of
chemical reaction heat releass on the flovfield
are not considared. However, the technique avoids
some of the mumerical problems encountered in the
full numerical simulstions. The comparisons of
the computed probability density functions with
the experimentally determined pdfs shov some
encouraging agreements for the reacting case. For
the non-reacting cass, the computed pdf 1is
antisymmetric whereas the measured pdf shows a
mixing bias of the high-speed stream of the mixing
layer. A complete parameter survey of Schaidt
nuaber, Reynolds number, and time is underway.

The ressarch reported in this paper was sponsred
by Air Force Office of Scientific Research
(AFOSR) .
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Figure 1. Infinite Vortex Row Configuration.
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Figure 2. Distortion of an initially horizontal

interface Re = 50, v = 0,02,
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Figure 3. 22 mass fraction for Re = 50, t = 0,02,

= 1.0.

'0‘ I"
D "‘
¢,q' -\_\ ‘o, 0 ",,
SR S ﬂlll' (l ////l/l;» oeresr:
1.0 'Io,"v‘ l’z,‘- 2L ‘/ﬁ'-
2

<

""I‘ "II ' Q 'III/I 65

Figure 4. NO mass fraction for Re = 50, v = 0,02,

Sec = 1.0,
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Figure 7. Probability density of reacting 03
species for Re = 50, t = 0,02,

Figure 8. 03 mass fraction for Re = 125,

"= 0.004 and Sc = 1.0,

Figure 5. Conserved scalar mass fraction for
Re = 50, vt = 0,02 and Sc = 1,0.

Pigure 6, Probability density of conserved scalar
for Re = 50, v ~ 0.02, Sc = 1.0.
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Figure 9. NO mass fraction for Re = 125,
Tt = 0,004 and Sc = 1,0.

:"‘;:"v'
o"«.,%::',' 0’.’%
% %,

', n’

I"oo ' ' , "'
/// Z '53»::-«.::
1.¢ / /” 2 3"!’”’” II /’ /u
o // //l '”‘u.-'»‘-'-' ' / /’ 5
IIII \‘l M 3
5 // e
4 o

Figure 10. Conserved scalar mass fraction for
Re = 125, v = 0,004 and Sc = 1.0.
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